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Summary
Background: Activity-dependent modulation of sensory
systems has been documented inmany organisms and is likely
to be essential for appropriate processing of information
during different behavioral states. However, the mechanisms
underlying these phenomena remain poorly characterized.
Results: We investigated the role of octopamine neurons in
the flight-dependent modulation observed in visual interneu-
rons in Drosophila. The vertical system (VS) cells exhibit a
boost in their response to visual motion during flight compared
to quiescence. Pharmacological application of octopamine
evokes responses in quiescent flies thatmimic those observed
during flight, and octopamine cells that project to the optic
lobes increase in activity during flight. Using genetic tools to
manipulate the activity of octopamine neurons, we find that
they are both necessary and sufficient for the flight-induced
visual boost.
Conclusions: This study provides the first evidence that
endogenous release of octopamine is involved in state-depen-
dent modulation of visual interneurons in flies.
Introduction
A key feature of nervous systems is the ability to process
sensory stimuli in a context-dependent manner. For example,
it has been shown in mice that the responses of neurons in the
primary visual cortex increase during locomotion [1, 2], and
this effect is reminiscent of the modulation observed when
a monkey attends to a stimulus [3, 4]. Similarly, the responses
of visual interneurons in flies are enhanced during walking [5]
and flight [6, 7] compared to the responses in quiescent flies.
Given these similar observations in flies, mice, and primates,
state-dependent sensory modulation is likely to be quite
general, although the cellular mechanisms underlying such
changes are not known. Given the relatively small number of
neurons in the Drosophila brain and the abundance of genetic
tools available with which to manipulate neural activity, the
fruit fly provides an excellent model system to probe the
cellular and molecular basis of behavioral modulation of
sensory systems.
A recent study demonstrated that a class of large-field visual
interneurons known as vertical system (VS) cells are modu-
lated during flight in Drosophila [6]. The VS cells are located
in the lobula plate, a higher-order optic neuropil, and encode
wide-fieldmotion that corresponds to the optic flow generated
by rotation about different body axes [8]. These neurons are
thought to underlie stabilization reflexes of both the neck*Correspondence: flyman@uw.edumotor and wing motor systems during flight [8–11]. At the
onset of flight, the baseline membrane potential of the VS cells
as measured at the cell body rapidly shifts upward, and the
amplitude of the responses to large-field visual motion
increases. Whereas the baseline membrane potential remains
elevated during flight and returns to the preflight potential
rapidly at the end of a flight, the gain boost in visual response
decays slowly during a long flight bout and returns to baseline
after flight over a 20 s period. The different time course of the
baseline shift and gain boost suggests that different under-
lying mechanisms are at work, with the slower dynamics of
the gain boost suggestive of the action of neuromodulators
[12–14].
A large body of research on locusts suggests that the
biogenic amine octopamine orchestrates physiological
changes throughout the body during flight. The formal ‘‘octop-
amine orchestration’’ hypothesis, first proposed by Sombati
and Hoyle [15], speculated that specific sets of octopaminer-
gic neurons were involved in generating specific behaviors.
Consistent with this hypothesis, certain octopaminergic cells
in the locust brain become tonically active during flight [16],
and pharmacological application of octopamine appears to
elicit a general arousal process influencing many features of
the animal’s flight system, including proprioceptors, interneu-
rons, and muscles [17]. With respect to possible effects on
visual processing, there is a set of seven octopaminergic
neurons in the locust brain with extensive arborizations in
the optic lobes, and two of these may play a role in dishabitu-
ation of the visual system [18]. More recently, studies in
blowflies have shown that the octopamine agonist chlordime-
form can modulate the response properties of lobula-plate
tangential neurons in amanner similar to that observed in flight
[7, 19, 20].
In this study, we use a combination of whole-cell patch-
clamp recordings and calcium imaging in tethered, flying
Drosophila to assess whether or not octopamine neurons
play a definitive role in modulating VS cells. To more fully char-
acterize the responses of VS cells in both quiescent and flying
flies, we first quantified the average responses to large-field
vertical motion across a range of temporal frequencies. We
then measured the effect of exogenous application of octop-
amine, which produced similar effects in VS cells, as observed
during flight. Next, using the genetically encoded calcium indi-
cator GCaMP3 [21], we tested whether octopamine neurons
become active during flight. Finally, we manipulated endoge-
nous release of octopamine through ectopic expression of
dTrpA1 and Kir2.1 channels and were able to reproduce or
abolish aspects of the naturally occurring flight boost. Our
results provide the first evidence that octopamine cells
increase in activity during flight in Drosophila and are both
necessary and sufficient to produce the flight boost in VS cells.
Results
Flight-Dependent Modulation of VS Cell Response
Amplitude Depends on Temporal Frequency of Motion
Previous results indicate that the physiological properties of
VS cells are modulated during flight [6]. Before investigating
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Figure 1. Flight Boost Varies across a Range of Temporal Frequencies
(A) Schematic of the physiology/imaging preparation (electrode not present during imaging). Not all components are drawn to scale.
(B) Example response of one VS cell to a downward-moving sine-wave grating pattern at a temporal frequency of 8 Hz. Quiescent (‘‘quie’’) response is shown
in black, and the response during flight is shown in blue. The gray shaded region indicates when the visual stimulus was in motion. The peak response to
motion is indicated by the red dot (obtained from the smoothed response during motion; see Experimental Procedures), and the average baseline
membrane potential during 1 s immediately before motion onset is indicated by the yellow line.
(C) Average visual responses of 19 flies. Responses to downward motion (top row), upward motion (bottom row), and a stationary sine-wave grating
(rightmost trace). The flight responses (blue traces) have been baseline-subtracted relative to the quiescent baseline membrane potential (black traces).
The average baseline membrane potential during quiescence is shown, along with the average baseline membrane potential during flight before baseline
subtraction (in parentheses). Visual motion was presented for four or more cycles at each speed, so some traces have been condensed for space consid-
erations.
(D) Temporal frequency tuning curve for downwardmotion responses. Abscissa is plotted on a log scale. Points represent themean response across 19 flies.
The response for each fly was computed by subtracting the average membrane potential during the 1 s before motion (yellow line in B) from the peak
membrane potential during the first cycle of motion (red dot in B). Lines indicate standard error of the mean.
(E) Difference between flight and quiescent baseline-subtracted responses. Abscissa is plotted on a log scale. The average difference for each fly was
computed separately, and the mean and standard error across all flies is shown. In (D) and (E), asterisks indicate speeds at which the difference between
flight and quiescent responses (computed for each fly) was significantly greater than zero (paired Student’s t test). Single and double asterisks indicate
significance at alpha = 0.05 and 0.01, respectively. NS indicates no significance at alpha% 0.05.
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2295the effects of octopamine in this system, we wished to charac-
terize more completely the flight modulation observed in this
earlier report. Specifically, flight-dependent observations in
VS cells were quantified in Maimon et al. [6] at a single
temporal frequency (1 Hz), so it remained unclear how the
flight boost might vary across the broad tuning curve of these
cells [22]. As indicated in Figure 1, we presented flies with
large-field upward and downward motion across temporal
frequencies ranging from 1 to 24Hz (Figure 1C). The responses
of VS cells during quiescence were strongest at a temporal
frequency of 1 Hz and exhibited phase locking with the motion
stimulus, consistent with previous studies [22]. The responses
to a stepwise change in motion at all temporal frequencies
exhibited an early peak followed by a gradual decay, with the
rate of decay tending to increase with increasing temporal
frequency. Given these dynamics, we chose to further quantifyand compare cell responses throughout the paper by mea-
suring the baseline-subtracted peak response to downward
visual motion, as indicated in Figure 1B, although analyses
based on steady-state responses or responses to upward
motion lead to identical conclusions (data not shown). Our
results are consistent with recent studies from walking
Drosophila [5] and flying blowflies [7], which showed that these
behaviors are associated with an increase in the visual
responses of HS and H1 neurons at many temporal frequen-
cies. As in these studies, we observed a broadening of the
tuning curve at higher frequencies during locomotion. In
contrast to the results of these prior studies, we did not
observe an upward shift in the temporal frequency that elicits
a maximal response in VS cells, nor did we observe as large
an effect at the highest temporal frequencies. The results of
our temporal frequency analysis indicate that the VS cell
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Figure 2. Octopamine Reproduces Flight Effects
(A) Average visual response to 8 Hz downward motion during flight (left, blue trace) and during octopamine application (OA; right, green trace) and corre-
sponding quiescent responses (‘‘quie,’’ black traces). The gray shaded region indicates when the visual stimulus was in motion. The average baseline
membrane potential during the 1 s immediately before motion onset is shown for quiescence, flight, and OA.
(B) Temporal frequency tuning curve for downward motion responses during quiescence and octopamine application. Abscissa is plotted on a log scale.
(C) Difference between motion responses during quiescence and octopamine application. Abscissa is plotted on a log scale. In (B) and (C), responses and
statistics were computed as described in Figures 1D and 1E. Asterisks indicate speeds at which the difference between the responses during octopamine
application and quiescence (computed for each fly) was significantly greater than zero (paired Student’s t test). Single and double asterisks indicate sig-
nificance at alpha = 0.05 and 0.01, respectively. See also Figures S1 and S2.
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2296responses in both quiescent and flying preparations are
greatest at a temporal frequency of 1 Hz, and that the flight-
dependent boost in visual responses is actually greatest at
temporal frequencies of 2 to 8 Hz (Figures 1D and 1E). This
effect of flight represented a 20%–30% increase in response,
as measured at the cell body of the VS cells.
Bath Application of Octopamine Reproduces Flight Effects
in Quiescent Flies
Given the wealth of evidence linking octopamine to flight
modulation in insects [7, 15–17, 19, 23, 24], we hypothesized
that octopamine might be responsible for these physiological
changes during flight. We measured the responses of VS cells
to visual motion across the same range of temporal frequen-
cies used in the experiments described above before and
during bath application of 100 mM octopamine. Upon octop-
amine application, the resting potential of the VS cells rose,
and their response to visual motion increased, similar to the
effects observed during flight (Figure 2). Application of control
saline did not induce either of these two effects (see Figure S1
available online). During octopamine application, baseline
membrane potential shifted upward during flight by 2.24 6
1.2mV, which is smaller but not significantly different (at p =
0.05 level) than the baseline shift produced during flight
in the absence of octopamine (3.42 6 1.5mV; two-tailed
student’s t test; p = 0.051; Figure S2). However, no additional
increase in the visual response to motion was observed in
the VS cells when the animals were flying. These results
show that octopamine, when applied exogenously, can mimic
the changes in VS cell responses to motion observed during
flight.
Octopaminergic Neurons with Optic Lobe Projections
Show an Increase in Activity during Flight
Although octopamine application induces changes in VS
cell physiology that resemble those observed in flight,pharmacology alone cannot prove the role of endogenous
octopamine neurons in the flight boost. One critical prediction
of this hypothesis is that octopamine neurons must become
active at the onset of flight. A set of six octopaminergic
neurons (called AL2 neurons by Busch et al. [25] and G3a
neurons by Sinakevitch and Strausfeld [26]) send projections
to the optic lobes, making them good candidate neurons for
the modulation of visual responses. These neurons each
send a large process along the esophageal foramen before
reaching the posterior slope [25]. Using a selective driver line
(Tdc2-Gal4 [25]), we made an attempt to conduct whole-cell
patch recordings from octopamine neurons; however, the
position of the cells bodies within the brain prohibited the
use of a gentle enough dissection to permit recordings in flying
animals. As an alternative strategy, we used the same driver
line to express the genetically-encoded calcium indicator
GCaMP3 [21] and measured their calcium activity during flight
using two-photon imaging. Although the Gal4 driver line we
used likely targets all octopamine neurons, we restricted our
analysis to two areas, the lobula plate and the region of brain
surrounding the esophageal foramen where the optic-lobe
projecting cells have large and overlapping dendrites (Fig-
ure 3A). During flight, the activity of octopamine cells in
these two regions increased (Figure 3B), suggesting that
they could indeed serve a role in modulating the activity of
neurons within the optic lobes during flight. The time course
of the GCaMP3 signal was slightly different in the two regions,
with the fluorescent change decaying more rapidly in the fine
terminals of the lobula plate. Without simultaneous electro-
physiological recordings or neurochemical measurements,
we cannot determine how the GCaMP3 signal correlates with
either firing rate or transmitter release. We verified that the
response was not a motion artifact, by driving expression of
EGFP instead of GCaMP3 in octopamine neurons, and ob-
served no change in fluorescence in the overlapping dendrites
during flight (Figure 3B).
AB
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Figure 3. Octopamine Neurons Increase in Activity during Flight
(A) Expression pattern of Tdc2-Gal4/y,w,UAS-mCD8GFP; UAS-red stinger;
+, which labels processes and cell nuclei of octopamine neurons. Processes
of octopamine neurons are shown in green, their cell nuclei are shown in red,
and anti-nc82 staining labels neuropil in blue. We recorded calcium activity
from octopamine neuron terminals in the lobula plate (location indicated by
orange box on left) and in the overlapping dendrites of these same neurons
(indicated by orange box on right). These regions have been expanded
below. Yellow solid and dotted lines indicate regions where responses
were recorded.
(B) Average change in fluorescence relative to the baseline fluorescence in
the regions indicated in (A) in flies expressing either GCaMP3 (black,
dendritic response, n = 7 flies; blue, lobula-plate terminal response, n = 7
flies) or 2xEGFP (red, n = 5 flies) in octopamine neurons. Standard error of
the mean is indicated in light gray, light blue and light red.
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2297Activation of Octopamine Neurons Causes an Increase
in VS Cell Responses to Motion
In the first sets of experiments, we found that exogenously
applied octopamine mimics the effects seen in VS cell
responses during flight and that octopamine neurons that
project to the optic lobes are active during flight. The two
remaining critical tests are that activation of octopamine
neurons are both sufficient and necessary to induce the
physiological changes observed during flight. To test for
sufficiency, we expressed dTrpA1 channels in octopamine
neurons, using the Tdc2-Gal4 driver, and tested whether we
could reproduce the flight effect in quiescent flies by activating
the octopamine neurons with temperature. In these experi-
ments (and all subsequent experiments described in this
paper) we did not coexpress EGFP in VS cells for identifying
the somata for recording. However, we were able to target
VS cell bodies for recording based on their relative size and
position in the brain and could unambiguously identify thecells after each experiment, using a combination of response
properties and anatomy. Using a nonpermissive temperature
that matched our previous experiments (19C), we first
measured the preheat responses of VS cells across the range
of temporal frequencies. We then quickly (within 120 s)
clamped the temperature of the external saline to 28C, in
order to activate dTrpA1 channels, and measured the
responses of the VS cells. Many flies responded to the eleva-
tion of bath temperature by spontaneously initiating flight,
but in these cases we waited until they stopped flying before
beginning our measurements of VS cell responses. We also
lowered the temperature back to 19C to record postheat
responses. Our results show that temperature activation of
dTrpA1 channels in octopamine neurons causes a large rise
in resting potential and a substantial increase in the amplitude
of the responses to visual motion during quiescence (Figure 4).
Both effects were completely reversible upon restoration of
the saline temperature to 19C. In addition, we found that flight
induced no further baseline shift (two-tailed Student’s t test;
p = 0.002) or increase in visual response to motion (Figure S3)
during activation of dTrpA1 channels. To control for possible
nonspecific effects of heat, we recorded VS cell responses
from the two parental strains required for the dTrpA1 experi-
ments, using the same protocol. Fewer of the control flies
spontaneously initiated flight upon elevation of saline temper-
ature (4 of 12 control flies versus 6 of 10 experimental flies).
Not surprisingly, the elevation of temperature from 19 to 28
did cause some changes in cell physiology. In particular, we
measured increases of 6.1mV 6 4.1 SD and 7.4mV 6 2.5 SD
in the baseline membrane potential in the Tdc2-Gal4 and
UAS-dTrpA1 parental lines, respectively, during the tempera-
ture shift. These upward shifts in baseline membrane potential
did not differ significantly from the baseline shift observed in
Tdc2-Gal4/UAS-dTrpA1 flies (two-sample t test; Tdc2-Gal4,
p = 0.42, UAS-dTrpA1, p = 0.93; Figures 4B and 4C). Despite
the large upward baseline membrane potential shift during
elevated temperature, we observed little to no increase in the
visual response to downward motion at most speeds (paired
t test; significant increases found in Tdc2-Gal4: 2Hz p =
0.006, 4Hz p = 0.001, and in UAS-dTrpA1: 4 Hz p = 0.035). Of
the speeds at which the control flies displayed a visual
response increase at elevated temperature, each was signifi-
cantly smaller than that observed in the Tdc2-Gal4/UAS-
dTrpA1 flies during downward motion with an exception at
2 Hz, where the difference was less pronounced (two-sample
t test; p = 0.13). Thus, we conclude that activation of dTrpA1
in the octopamine neurons induces a change in VS cell physi-
ology that mimics the visual boost observed in flight and
cannot be explained by nonspecific temperature effects.
These results suggest that whereas octopaminergic neurons
may not be responsible for the flight-induced shift in baseline
membrane potential, they are sufficient to produce the
increased gain in visual responses.
Inactivation of Octopamine Neurons Abolishes
Flight-Dependent Visual Response Increase
Once we established that the activation of octopamine
neurons was sufficient to produce an increase in the motion
responses of VS cells, we tested the necessity of these
neurons in modulating the visual response to motion during
flight by expressing the inwardly-rectifying potassium channel
Kir2.1 in octopamine neurons using the Tdc2-Gal4 driver line.
First, to test whether chronic expression of Kir2.1 was having
the desired effect on the octopamine neurons, we examined
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Figure 4. Activation of Octopamine Neurons
Induces Flight Boost
(A) Average visual response to 8 Hz downward
motion before (19C, black trace), during (28C,
red trace), and after (19C post, gray trace)
dTrpA1 channels were activated in octopamine
cells (Tdc2-Gal4, UAS-dTrpA1). Shaded light
gray region indicates when the visual stimulus
was in motion. Average baseline membrane
potential during the 1 s immediately before
motion onset is shown for each of these three
conditions.
(B) Average visual response to 8 Hz downward
motion for parental control flies UAS-dTrpA1,
before, during, and after temperature shift.
Same scale as (A).
(C) Average visual response to 8 Hz downward
motion for parental control flies Tdc2-Gal4,
before, during, and after temperature shift.
Same scale as (A) and (B).
(D) Temporal frequency tuning curve for down-
ward motion responses before, during, and after
dTrpA1 activation.
(E) Average response difference between during
(28C) and before (19C) dTrpA1 activation. In
(D) and (E), responses were computed in the
same manner as in Figure 1. Asterisks indicate
speeds at which the difference between during
(28C) and before (19C) dTrpA1 activation
responses (computed for each fly) were signifi-
cantly greater than zero (paired Student’s
t test). Single, double, and triple asterisks indi-
cate significance at alpha = 0.05, 0.01, and
0.001, respectively. See also Figure S3.
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2298the Tdc2-Gal4/UAS-Kir2.1-EGFP flies for the expected egg-
laying deficit induced by the lack of octopamine [27] and found
that, indeed, the Tdc2-Gal4/UAS-Kir2.1-EGFP flies were
unable to lay eggs (data not shown). Flieswith chronically inac-
tivated octopaminergic neurons were, however, both viable
and able to fly, consistent with a previous study of an octop-
amine null mutant [24]. During flight, VS cells showed no signif-
icant difference in upward shift in baselinemembrane potential
compared to wild-type flies (two-sample t test, p = 0.63), which
suggests that while pharmacological application of octop-
amine canmimic this effect (Figure 2), this change in cell phys-
iology during flight does not require the activity of octopamine
neurons. This result is also in agreementwith the evidence from
our dTrpA1-activation experiments, which did not support
the idea that octopamine neurons are involved in producing
the DC shift observed during flight. However, VS cells in flies
with inactivated octopamine cells displayed an impaired
visual boost duringflight (Figures5A, 5C, and5D). Furthermore,
UAS-Kir2.1-EGFP parental control flies showed a clear boost
during flight (Figures 5B, 5E, and 5F). These experiments indi-
cate that octopamine neurons are not simply sufficient butalso necessary for the flight-dependent
increase in visual motion gain of VS
cells. Figure 6 shows a summary of the
average responses for each experi-
mental condition and control.
Discussion
In this study, we presented evidence
that octopamine neurons play a keyrole in the modulation of large-field visual interneurons during
flight.We characterized themotion response of VS cells during
flight across a broad range of temporal frequencies and found
that the boost in visual gain is variable across speeds (Fig-
ure 1), consistent with previous studies in walking and flying
flies [5, 7]. Exogenous application of octopamine replicates
many features of the change in VS cell physiology observed
during flight (Figure 2). This result supports the findings of
previous extracellular studies in blowflies that reported an
increase in the response gain of other lobula-plate tangential
cells after pharmacological application of the octopamine
agonist chlordimeform [7, 19, 20]. Although these pharmaco-
logical experiments are suggestive of a role of octopamine in
modulating visual responses during flight, it is important to
demonstrate that the endogenous system of octopamine neu-
rons is actually responsible for the effect. By using GCaMP3 to
monitor activity, we found that the octopamine neurons with
dense innervations in the optic lobes do indeed increase in
activity at the onset of flight (Figure 3). When we activated
the octopamine neurons via ectopically expressed dTrpA1,
these neurons evoke a very large increase in the VS cell
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Figure 5. Inactivation of Octopamine Neurons Abolishes Flight Boost
(A) Average visual response to 8 Hz downward motion during quiescence (‘‘quie,’’ black trace) and flight (blue trace) in flies whose octopamine neurons are
inactivated by Kir2.1 (Tdc2-Gal4, UAS-Kir2.1). Gray region indicates when the visual stimulus was in motion. Average baseline membrane potential during
the 1 s immediately before motion onset is shown for quiescence and flight.
(B) Average visual response to 8 Hz downward motion during quiescence and flight for UAS-Kir2.1 parental background control flies. Same scale as (A).
(C) Temporal frequency tuning curve for downward motion responses during quiescence and flight for flies whose octopamine neurons were inactivated
(Tdc2-Gal4, UAS-Kir2.1).
(D) Difference between flight and quiescent responses for flies whose octopamine neurons were inactivated (Tdc2-Gal4, UAS-Kir2.1).
(E) Temporal frequency tuning curve for downward motion responses during quiescence and flight for UAS-Kir2.1 control flies.
(F) Difference between flight and quiescent responses for UAS-Kir2.1 control flies. In (C)–(F), responses were computed in the same manner as in Figure 1.
Asterisks indicate speeds at which the difference between flight and quiescent responses (computed for each fly) were significantly greater than zero (paired
Student’s t test). Single and double asterisks indicate significance at alpha = 0.05 and 0.01, respectively. NS indicates no significance at alpha% 0.05.
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2299responses to visual motion in quiescent flies (Figure 4), indi-
cating that the activation of octopamine neurons is sufficient
to generate the effect. The complimentary experiment, in
which we inactivated octopamine neurons using Kir2.1 (Fig-
ure 5), demonstrated that these neurons are also necessary
to produce the flight boost.
Our activation and inactivation experiments suggest that
the octopamine neurons play a major role in producing the
flight boost observed in VS cells. They do not, however,
support a role for octopamine in causing the tonic membrane
potential shift. When the octopamine neurons were silenced
with Kir2.1, VS cells still exhibited a rapid shift in membrane
potential at the onset of flight (Figure 5). Further, although we
did measure a large baseline shift in our dTrp1 activation
experiments, a comparison with control experiments using
the two parental stocks suggests that this effect—but not
the change in response gain—is an artifact of the elevated
temperature (Figure 4). These results, together with the
previous observation that the two effects follow different
time courses at the onset and offset of flight [6], suggest that
the upward shift in membrane potential and the increase inthe visual response to motion are generated by two distinct
mechanisms. At odds with this conclusion is our observation
of an upward baseline shift in VS cells during pharmacological
application of octopamine (Figure 2). Pharmacological appli-
cation of the octopamine agonist chlordimeform has also
been shown to cause an increase in spontaneous firing rate
in lobula-plate tangential neurons in blowflies [7, 19, 20], which
is consistent with our findings but unfortunately offers no
further insight into why the baseline shift persisted when the
octopamine cells were silenced with Kir2.1.
One possible explanation for why silencing octopamine
cells abolished the flight boost but not the baseline shift is
that our manipulation of cell activity might not be uniform
across all cells in the Tdc2-Gal4 line. Variable expression of
the driver, or alternatively variable activation of the responder,
might have resulted in heterogeneous inactivation of octop-
amine neurons by Kir2.1. In this scenario, the octopamine
neurons involved in both egg-laying behavior and the visual
boost were substantially inactivated by Kir2.1, but the octop-
amine neurons responsible for the baseline shift were active
enough to induce a baseline shift during flight. However, this
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Figure 6. Cross-Condition Summary
Average baseline-subtracted peak response
across the three middle temporal frequencies at
which the flight boost is significant (2, 4, and
8 Hz; see Figure 1). A single fly’s average within
each condition is shown (black points connected
by lines). Grey lines indicate the population mean
within each condition. Bottom row of asterisks
indicate speeds at which responses during flight,
octopamine application, or dTrpA1 activation at
28C are significantly higher than the precondi-
tion responses (quiescence or before dTrpA1
activation [19C pre]; paired t test). Upper rows
of asterisks indicate when the difference during
one condition is significantly higher than the
difference observed in the other (two-sample t
test). Single, double, and triple asterisks indicate
significance at alpha = 0.05, 0.01, and 0.001,
respectively. NS indicates no significance at
alpha% 0.05.
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octopamine neurons, and the time course of the baseline shift,
which occurs instantaneously at the onset of flight [6], is not
entirely consistent with the action of a neuromodulator. The
four known neuronal octopamine receptors in Drosophila are
all G protein-coupled receptors [28], whose actions may act
on a much slower time scale [14] relative to the baseline shift
we record at the onset of flight. For this reason, we believe it
unlikely that octopamine is responsible for the baseline shift
and think it improbable that heterogeneity in the effect of
Kir2.1 across the population of octopamine cells can explain
the discrepancy. An alternative explanation is that pharmaco-
logical application of octopamine throughout the brain induces
general effects that are manifest as an upward shift in
membrane potential in VS cells, but that this shift is bio-
physically distinct from the shift that occurs during flight.
During flight, octopamine might be released at very specific
sites in the optic lobes. Activation and inhibition of octopamine
cells will induce or abolish the flight boost, respectively, but
have no effect on the baseline membrane potential in this
scenario. Pharmacologically applied octopamine reaches
many regions throughout the brain that are not typically
suppliedwith this neuromodulator, and thismay result in broad
nonspecific effects. This might include, for example, cross-
reactivity with various nonoctopamine receptors or ion chan-
nels that cause a shift in baseline membrane potential. There
are many mechanisms by which a neuron’s resting membrane
potential can be increased, and various biogenic amines have
been shown to affect multiple physiological targets [29].
Although further experiments are required to resolve the issue,
we believe that such nonspecific effects are the most likely
cause of the membrane potential shift observed in VS cells
during exogenous application of octopamine and that octop-
amine neurons are not responsible for the baseline shift
observed during flight. This hypothesis is strengthened by
the observation that during octopamine application, flight
induces an additional shift of baseline membrane potential
but no further visual boost (Figure S2). Similarly, during dTrpA1
activation of octopamine neurons, flight induces no additional
visual boost (Figure S3), suggesting that the cell’s response
is saturated. Flight did not significantly alter the baselinemembrane potential during dTrpA1 activation, but based on
control experiments it is clear that heat is responsible for
a very large baseline shift that may obscure any further small
increase induced by flight. We believe that, collectively, these
data support the hypothesis that octopamine neurons underlie
the visual boost but not the baseline shift.
The octopamine orchestration hypothesis made explicit
predictions about the role of octopamine neurons in regulating
insect behavior. Sombati and Hoyle [15] proposed that
specific modulatory neurons were responsible for coordi-
nating wide-scale changes in physiology that were necessary
to elicit various behaviors and that octopamine played such
a role for flight. The fact that flies in which we presumably
reduced the activity of all octopamine neurons still retained
the ability to fly suggests that the original hypothesis, strictly
interpreted, does not apply to Drosophila. Our results are
also consistent with an earlier genetic study which demon-
strated that octopamine null mutants are able to fly, albeit
less robustly [24]. However, although octopamine may not
be necessary for flight, our results are consistent with prior
research in locusts suggesting that octopamine does play an
important role in modulating physiology during flight. Our
results show that a set of octopamine neurons in Drosophila
with dense projections to the optic lobes increase in activity
during flight. Based on previous anatomical studies, these
neurons are likely to belong to the AL2 cluster [25] (also called
G3a in Sinakevitch et al. [30]). The locust multimodal proto-
cerebrum-medulla (PM) neurons, some of which have been
shown to be octopaminergic, share remarkable anatomical
similarity with these neurons [18]. Further, the octopaminergic
PM4 neuron appears to play a role in dishabituating the de-
scending contralateral movement detector (DCMD; Bacon
et al. [31]), which is involved in mediating startle reflexes [32,
33]. The PM4 neuron is thought to release octopamine in the
optic lobes in response to a variety of novel stimuli and is
presynaptic to the lobula giant motion detector, which then
synapses onto the DCMD [31]. This simple visual circuit prob-
ably plays a part in an arousal mechanism in the locust, but it
remains to be determined what behavior triggers its activation
and ultimately what functional role it plays in the behavior of
the animal. In the fruit fly, we now have evidence that a set of
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increase in activity during flight and that they likely play
a role in the behavioral modulation of visual motion responses
in lobula-plate tangential neurons. The similarities between the
neurons believed to be involved in arousal mechanisms in
locusts and the cells involved in the flight modulation that we
examined in this study hint that there may exist conserved
modulatory mechanisms mediated by octopamine neurons.
The role of neuromodulators in the crustacean stomatogas-
tric ganglion (STG) has been particularly well characterized
and serves as another point of reference for our findings.
Activity patterns in the STG are regulated by multiple modula-
tors, and a single modulator is capable of eliciting entirely
different responses from individual neurons, depending on
the expression of particular ion channels [34]. A few of these
substances are known to be released onto the STG neuropil
during specific behavioral states, but it remains unclear what
role each one plays during different behaviors [35]. Octop-
amine has been shown to increase overall pyloric activity in
the lobster STG and can induce two distinct, stable motor
patterns depending on concentration [36]. Octopamine is
thought to play a role in activity-dependent modulation in the
STG, but to our knowledge this has not been investigated,
although endogenous action of serotonin has been explored
[37]. In the STG, and in other circuits across a variety of behav-
iors and organisms, it is thought that neuromodulatorsmultiply
the number of functions that the circuit can perform [38]. The
fly brain has on the order of a hundred thousand neurons,
yet is responsible for the coordination of a remarkable reper-
toire of complex behaviors. It seems possible that insects,
like crustaceans, may employ neuromodulators to increase
the functional capacity of their relatively small brains.
Although we have identified a set of octopamine neurons
with projections in the optic lobes that are likely responsible
for mediating the flight boost, the precise site of modulation
is still unknown. The VS cells may be directly modulated,
upstream cells could be the target of the octopaminergic input,
or a combination of direct and indirect modulation may occur.
These alternative hypotheses will require a detailed investiga-
tion of the location and action of octopamine receptors in the
optic lobes. However, recent studies in hoverflies [39] and
blowflies [40] suggest that the action of octopamine, at least
in part, may be presynaptic to the VS cells. It is unclear where
the flight input to the octopamine cells originates. Based on
the observation that an air puff that does not induce flight
can alone induce elevated visual responses (data not shown),
it seems possible that a wind-sensitive mechanosensory input
may contribute to the flight boost. The functional relevance
of the flight effects observed in VS cells also remains to be
determined. The flight boost might be a general arousal mech-
anism that provides the fly with a heightened ability to process
relevant information during flight. Alternatively, the fly might
conserve energy by maintaining a lower state of activity in
the visual system at rest, increasing the gain onlywhen needed
[41]. This study implicates octopamine neurons in producing
one of the two most salient flight effects observed in VS cells,
taking a first step toward understanding the functional rele-
vance and mechanisms of the flight modulation.Experimental Procedures
Animals
Our experiments made use of the following transgenic constructs: DB331-
Gal4 (Scott et al. [42], FBti0115113), UAS-2xEGFP (Bloomington 6874),Tdc2-Gal4 (Bloomington 9313), UAS-red stinger (FBtp0018199), UAS-
mCD8GFP (FBst0005137), UAS-GCaMP3 [21], UAS-dTrpA1 (Bloomington
26263), and UAS-Kir2.1-EGFP (FBti0017552).
Whole-Cell Patch-Clamp Recordings
Using a preparation described previously [6], we performed whole-cell
patch-clamp recordings on VS cells 1–4 in the right brain hemisphere. In
some experiments, we used EGFP to target VS cell bodies by using
DB331-Gal4, UAS-2xEGFP flies, with subsequent verification of cell identity
using dye fills as well as the electrophysiological responses. For all other
experiments in which the VS cells were not labeled with EGFP, we identified
the cell type after each experiment using dye fills and cell response proper-
ties alone.
Visual Display and Stimuli
Wepresented flies with vertically moving sine-wave grating stimuli (8 pixels,
approximately 20 per cycle) using an electronic LED display [43] as
described in Maimon et al. [6]. We presented upward- and downward-
moving stimuli at a temporal frequency of 1, 2, 4, 8, 16, or 24 Hz, as well
as a stationary sine-wave grating (0 Hz), in pseudorandomorder. In addition,
we presented the visual stimulus beginning at a position chosen randomly
fromone of four quadrants in the sine-wave pattern. VS cells showed a slight
decay in response over multiple cycles of this stimulus, so we presented
each stimulus for 1 to 4 s to obtain a measure of at least four cycles.
Thus, we presented 0, 1, 2, 4, 8, 16, and 24 Hz stimuli for 1, 4, 2, 1, 1, 1,
and 1 s, respectively. We presented 1 s of stationary mean luminance
between stimuli.
Pharmacology
We dissolved octopamine (DL-octopamine hydrochloride, Fluka) in extra-
cellular saline at a concentration of 100 mM on the day of each experiment.
Calcium Imaging
Using the same holder and procedures as in the electrophysiology experi-
ments, we tethered flies to the holder and removed the cuticle and fat tissue
above either the lobula plate or the posterior slope surrounding the esoph-
agus foramen to gain optical access to putative dendrites of octopamine
neurons that project to the optic lobes [25].
Data Analysis and Statistics
To initiate flight, we applied a small puff of air directed toward the fly’s head.
If flight was not initiated after a puff, we observed an increase in visual
responses that returned to prepuff levels in 20 s or less. Thus, we excluded
visual responses from the measure of quiescent responses for 20 s after we
applied a puff of air if the fly did not initiate flight. This resulted in at most
a difference of 20.27mV in average quiescent visual response. We used
one- and two-tailed Student’s t tests to make statistical comparisons of
the data.
We identified the stereotypic cluster of thick dendritic branches of octop-
amine neurons and terminal regions in the lobula plate based on the basal
fluorescence of GCaMP3 and chose this area as a region of interest (ROI).
We then averaged the pixel intensity in the ROI to estimate the fluorescence
from this region.
Supplemental Information
Supplemental Information includes three figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.cub.2012.10.034.
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